several annual legumes capable of substituting for fallow in cereal production systems, when soil moisture was suffi cient to meet the needs of a following wheat (Triticum aestivum L.) or barley (Hordeum vulgare L.) crop (Welty et al., 1988; McGuire et al., 1989) . Forage-based production systems for growing stocker cattle in the southern Great Plains (SGP) must provide low-cost, high-quality herbage to be sustainable (Peel, 2003) . However, no single forage in the region can provide high-quality forage over long time periods (Krenzer, 2000; Northup et al., 2005) . Forages grazed by stocker cattle during the summer in the SGP (June through October) are primarily warm-season perennial grasses (Phillips and Coleman, 1995) . The quality of these grasses becomes limiting in early July, as temperatures and daylength increase. Research is required to describe the potential multiple uses of annual legumes that could be grown in rotation with wheat in the SGP, to supply high-quality herbage for summer grazing or to improve soil fertility.
A number of species and cultivars of pulse legumes could be incorporated into either grazing or grain-based agricultural systems of the SGP. Existing literature provides general guidelines for some species or cultivars (Miller and Hoveland, 1995) , though the list was not extensive. For example, both short-and long-season cultivars of pigeon pea [Cajanus cajan (L.) Millsp.] showed potential as late summer forage in the SGP (Rao et al., 2002; Rao et al., 2003) . However, detailed comparisons among species of warm-season pulse crops are limited. Information on biomass production and quality of annual pulse crops must be developed, so producers in the SGP can select those best suited to specifi c needs. This research evaluated the capacity of four species of annual warm-season grain legumes as part of a larger study on the potential multiple roles of pulse crops to produce biomass in the SGP, and the nutritive value of such biomass.
MATERIALS AND METHODS
This study was conducted at the USDA-ARS Grazinglands Research Laboratory (35°40' N. 98°00' W, elevation 414 m) near El Reno, OK. Experiments were undertaken during the summer fallow periods (June through October) of 2003 through 2006 within a production system of continuous no-till winter wheat. Soils at the experimental site were described as Brewer silty clay loams (fi ne-silty, mixed, superactive, thermic Pachic Argiustolls), moderately well drained with 0 to 1% slope, low permeability (0.2-1.5 cm h −1 ), and a pH of 6.9 (USDA-NRCS, 1999). Average minimum and maximum temperatures during June through October were 15° and 29°C, respectively. Amount and distribution of precipitation during the study varied within and among years (Table 1) . Growing season (June through October) precipitation in 2003 through 2006 was 74, 89, 114, and 43%, respectively, of the long-term (1971 through 2000) average (425 mm).
Cultivars of four pulse legumes were included in the study: pigeon pea (cv. GA-2), guar ([Cyamopsis tetragonoloba (L.) Taub.], cv. Kinman), cowpea ([Vigna unguiculata (L). Walp.], cv. Chinese red), and mung bean ([Vigna radiata (L.) Wilcz.], cv. Berkins). A common grain soybean (cv. Hutcheson) was included as a control. The legumes varied in length of growing season and maturity group (MG). The listed cultivars were selected on the basis of adaptation to dry conditions, diff erence in timing of peak production, and some degree of past use of guar, cowpea, and mung bean in the region. Cowpea and mung bean were short growing season species, while guar and pigeon pea were long-season species. Hutcheson soybean belonged to MG V. Phosphorus was applied to the plots, at locally recommended rates for legumes (26 kg ha −1 ), following grain harvest of no-till winter wheat (15 to 20 June). Type of fertilizer changed during the study; P was applied as 0-46-0 in 2003 and 2004, and as 18 -46 -0 in 2005 and 2006 owing to the unavailability of the initial fertilizer. Seeds of each cultivar were treated with appropriate inoculants (Bradyrhizobium japonicum for soybean, cowpea-type Rhizobium spp. for guar, mung bean, cowpea, and pigeon pea; Nitragin Inc., Milwaukee, WI) and planted 2-cm deep at 60-cm row spacing in three replicate, 3 × 20 m plots. Cultivars were repeatedly planted on the same plots throughout the study (treatments fi xed in space). Seeding rates were varied to achieve a 10 seeds m −1 row length for each species. Total aboveground biomass was collected on six sampling dates, from 45 to 120 d since planting (DSP). The exceptions were plots planted to mung bean and cowpea, which matured 15 to 20 d earlier than the other legumes. Three randomly selected 0.5-m row lengths were clipped 2.5 cm above ground within each plot at each sampling date, and samples were collected at new locations each sampling date. Samples were dried in a 65°C forced-draft oven to a constant dry weight (approximately 60 h) to describe biomass production and ground to 1.0 mm in a cyclone mill for laboratory analyses. Nitrogen concentrations were determined with a complete-combustion N analyzer (Leco 1000, Leco Crop., St. Joseph, MI). In vitro digestible dry matter (IVDDM) was determined by the two-stage technique of Tilley and Terry (1963) , as modifi ed by Monson et al., (1969) . Nitrogen accumulated (kg N ha −1 ) in herbage of the fi ve species was calculated by multiplying biomass by N content.
Logarithmic (Ln) transformations of biomass and N accumulation, asin√y of proportion of IVDDM, and actual N concentrations most closely approximated normal distributions and were analyzed by mixed model procedures in cross-sectional (double-repeated measure) analyses (Littell et al., 1996) . Species were analyzed as the main fi xed eff ect. Days since planting and years were the cross-sectional elements and were analyzed with unstructured variance-covariance matrices (Littell et al., - In Vitro Digestible Dry Matter Species × year (F 4, 47 .6 = 900; P < 0.01) and species × DSP (F 4, 60 = 2.6; P = 0.05) interactions in IVDDM were signifi cant, and all other interactions were not signifi cant (P > 0.36). No overall trend in DSP could be defi ned in the species × DSP interaction. The highest IVDDM in the species × year interaction ( , respectively), and a group with the second-highest IVDDM included cowpea on 60 DSP and mung bean, cowpea, and guar on 90 and 105 DSP. Digestibility of forage produced by these three cultivars also followed a similar trend across DSP, with forage of the short-season cultivars having slightly higher IVDDM on 105 DSP. The lowest IVDDM was recorded for pigeon pea on 105 and 120 DSP (608 and 599 g IVDDM kg 
Nitrogen Accumulation
Species × year (F 4, 47 = 150; P < 0.01) and species × DSP (F 4, 76.8 = 8.1; P < 0.01) interactions were significant, and all other interactions were not (P > 0.65). No overall trend in DSP beyond a quadratic eff ect could be defi ned in the species × DSP interaction. The highest N accumulation within years ( Patetta, 2005) . Unstructured matrices were used owing to forms of covariance and autocorrelation among years and DSP. Trends in DSP were tested using polynomial subroutines. The LSMEANS procedure was used to test for diff erences in signifi cant main and interaction eff ects, and transformed values were reported in their original scales following back-transformation. Level of signifi cance for tests was P = 0.05.
RESULTS

Biomass
Days since planting eff ects displayed a signifi cant cubic response (F 1, 59 = 42; P < 0.01), and the species × year interaction was also signifi cant (F 4, 45.7 = 3.2; P = 0.02). All other two-and three-way interactions were not signifi cant (P > 0.32). The cause of the species × year interaction appeared related to the larger responses of soybean in 2004 and 2005 (Fig. 1A) . The greatest amounts of biomass (LSD = 766 kg ha ). The greatest amounts of biomass within DSP (Fig. 1B) were produced on 105 and 120 DSP (5770 and 5450 kg ha 
Nitrogen Concentration
Year (F 1, 51.7 = 121; P < 0.01) eff ects and DSP × species interactions (F 4, 58.7 = 6.1; P < 0.01) in N concentrations were signifi cant, with the interaction displaying a general quadratic response over DSP. All other two-and three-way interactions were not signifi cant (P > 0.30). The highest N concentration among years (LSD = 0.9 g N kg ). The highest N concentrations in the DSP × species interaction (Fig. 2 , LSD = 1.5 g kg ) on 105 DSP. Trends in N accumulation by the short-season species (mung bean, cowpea) were similar through 90 DSP and diff erent from the long-season species and soybean. Nitrogen was accumulated by the long-season species along diff erent trends during the growing seasons, and there was a larger diff erence in amounts through 105 DSP than was recorded for the short-season species. Soybean accumulated N throughout the growing season.
DISCUSSION
Describing the "best" pulse legume for forage production among the less common species in this study was diffi cult. On average, the experimental species did not exceed the level of production generated by soybean, the most commonly used summer legume in the SGP. However, all fi ve species displayed a degree of instability in biomass produced, which was not unusual for summer legumes. Annual variations in biomass production by cowpea, mung bean, and soybean in the SGP have been reported (Rao et al., 2005a; Muir et al., 2008) . Biomass production by guar has also been noted as variable, with a large portion of the instability attributed to environment (Saini et al., 1979) . Annual production in this study appeared to be driven mostly by timing of precipitation and growing conditions during the 4 yr of the study. Most of the legumes were least productive during the two dry years (2003 and 2006) and most productive during the year with approximately normal precipitation (2004) . Further, forage produced by cowpea, mung bean, and guar during the dry years were similar to amounts recorded during the wettest year (2005). Muir et al. (2008) reported slightly higher biomass production by forage cultivars of cowpea and mung bean in north-central Texas during 2004 and 2005 than we recorded. This disparity was likely related to diff erences in growing conditions at the two sites and methods of harvest. In contrast, levels of production by pigeon pea and soybean were similar to earlier reports of cultivar responses to growing conditions in this region of the SGP (Rao et al., 2003; 2005a) : lower production during wet or dry years.
The limited biomass production by cowpea, mung bean, and guar in 2005 was likely related to wet soils during June, August, and September. Most of the precipitation during these months was received from single rain events (76, 83, and 83 mm, respectively) . These were among the largest individual events recorded during the study, and standing water was present on the study site for a total of 7 to 10 d. Soils on the study site had low percolation rates and a hardpan at 30-to 50-cm depth, which led to waterlogged conditions. Waterlogged soils were shown to reduce levels of rhizobia in nodules, thereby limiting amounts of fi xed N available to support plant growth (Toomsan, 1990) . Further, lack of oxygen under waterlogged conditions limits root respiration, resulting in loss of nitrogenase activity (Sprent and Gallacher, 1976) . In contrast, the lower yields in 2003 and 2006 were likely related to limited availability of soil water during the growing seasons. Venkateswarulu and Rao (1987) found even minor reductions in plant water potential of legumes, including drought-tolerant species, reduced rates of N 2 fi xation and translocation to shoots to support plant growth.
Nitrogen concentrations of forage produced by the short-and long-season species followed diff erent trends during the growing seasons. The N concentration of shortseason legumes declined during the fi rst half of the season, but increased with the approach of the end of their growing season, as pods developed. Muir et al. (2008) reported (as crude protein) higher N concentrations, pooled across a series of harvest techniques, for forage cultivars of cowpea and mung bean than we recorded for grain cultivars. This disparity was likely related to the methods of harvest in the earlier paper (including hand plucking) that resulted in higher N concentrations than were possible when collecting total aboveground biomass. In contrast, the long-season legumes displayed a continual decline in N concentration. This diff erence in trends occurred despite the inclusion of pods in biomass samples of the long-season species. Rates of N fi xation and dilution with accumulation of biomass, particularly stems (Rao et al., 2003) , were likely related to this diff erence in response. The short-season species may also have maintained higher N 2 fi xation rates late in the growing season, compared to the long-season species, allowing maintenance of higher N concentrations for a longer time. Boote et al. (2002) simulated a similar response for fababean (Vicia faba L.) with a crop-growth model. The N concentration in pigeon pea forage underwent a more drastic decline during the growing season than either guar, or the two short-season legumes. However, concentrations were similar to those reported in earlier experiments on cultivar responses of pigeon pea (Rao et al., 2003) . Rao (1990) reported high nitrogenase activity during the fi rst 60 d of growth by pigeon pea, which declined rapidly until little activity was recorded at 100 d after planting as plants began to fl ower. Rao et al. (2005a) reported more variable N concentrations (26 to 40 g N kg −1 ) in soybean forage than the stable concentrations we recorded.
The similarity in IVDDM of herbage produced by guar and the two short-season species was an unusual response, given the diff erence in length of growing season and divergent growth stages of these legumes at times of sampling. The level of IVDDM we noted for guar at pod formation (late September) was higher than the digestibility reported (606 to 712 g kg −1
) for 13 guar genotypes at a similar stage of development (Das et al., 1974) . The digestibility of soybean biomass noted here was similar to those reported (720 to 850 g kg −1
) by Rao et al. (2005a) , though more consistent within growing seasons. Pigeon pea biomass was least digestible during this study, though similar to levels (550 to 700 g kg ) reported by Rao et al. (2003) for early maturing cultivars. The lower digestibility in pigeon pea was likely related to the presence of large amounts of stem, with highly lignifi ed tissues. Rao et al. (2003) reported stem:leaf ratios of 2:1 in pigeon pea herbage, with <500 g IVDDM kg −1 for stem tissues). Mung bean, cowpea, and guar had greater potential as forage, because of their higher digestibility and N concentrations, for meeting the growth requirements of yearling cattle. Pigeon pea also has potential to function as forage in the SGP, despite its lower quality, because of a long growing season and drought tolerance (Rao et al., 2002) . When considered as a cover crop, the high N concentration and digestibility of cowpea, mung bean, and guar indicate a rapid turnover of tissues may be possible after incorporation into the soil (Hoyt and Hargrove, 1986) . Nitrogen in forage of these legumes may become rapidly available to support a following cereal crop, as microbes decompose the tissues. In contrast, the lower digestibility of pigeon pea tissues indicates more time would be producing a grain crop. However, use of annual legumes during summer fallow of continuous winter wheat must be tempered against the growing conditions prevalent in the SGP. The regular occurrence of drought, and current lack of accuracy in seasonal-scale climate forecasts (Schneider and Garbrecht, 2003) , means those species that were more productive during the dry years should be used. Further, long-term planting of annual legumes during the summer fallow period could reduce available soil water for following wheat crops. As such, use of annual warm-season legumes in rotation with wheat in the SGP should be considered a short-term tactical tool rather than a longer-term strategy.
Acknowledgments
Mention of trademark, proprietary product, or vendor does not constitute a guarantee or warranty of the product by USDA and does not imply its approval to the exclusion of other products that may be suitable. The authors would like to thank Mr. Delmer Shantz for his assistance with fi eld experiments and laboratory analyses. required for large amounts of N to become available for a following crop. Speed of decomposition of leaf and stem tissues of these species in the SGP is not known and will have ramifi cations for availability of N for a following crop (McGuire et al., 1989) . Delays in establishing following crops after the more digestible species (cowpea, mung bean, or guar) may result in loss of available organic N (Cheruiyot et al., 2007) . In contrast, the lower-quality tissues of pigeon pea may require producers to shift from a continuous wheat rotation to make effi cient use of organic N. Experiments are required to determine the turnover rate of N in tissues of these legumes and their fertilizer replacement values for cereal crops in the SGP.
The N-accumulating capacity of both the short-and long-season species (compared with soybean) during dry years indicates they would be eff ective as green covers or forage crops during drought-aff ected years, a common occurrence in the SGP (Garbrecht et al., 2000) . However, the species chosen to accumulate N may depend on length of available growing season. Cowpea or mung bean would represent the better choice with a limited growing season, while guar or pigeon pea may be viable regardless of season length. All four species accumulated >85 kg N ha −1 by 15 September and >125 kg N ha −1 by 1 October, which bracketed the nominal requirements for wheat grown for grain or grazing (Redmon et al., 1995; Krenzer, 2000) . Alternative criteria for choosing a summer legume to intercrop during the fallow period of winter wheat would be seed costs or its cost in accumulated N. On the basis of several sources in the SGP, which were limited for guar (n = 2) and pigeon pea (n = 1), average current seed costs (at recommended seeding rates) for cowpea (34 kg ha In conclusion, the less-common pulse crops examined here accumulated useful amounts of digestible, high-N biomass during dry to normal growing seasons, though none completely outperformed soybean. As such, identifying the most useful grain legume for alternative uses (grazing or green cover) in the SGP was not possible. Any of those tested could be incorporated into a range of dry land farming systems and give producers options other than soybean for summer forage or biological N or for
